A central issue in the adaptation of proteins and enzymes to extreme conditions is the conservation of their functional state, which is characterized by a well-balanced compromise of stability and flexibility. In this review work an overview of elastic neutron scattering (ENS) findings on a class of bioprotectant glass-forming systems, such as trehalose and its homologous (maltose and sucrose) water mixtures, is presented as a function of temperature and concentration. ENS, in fact, allows to determine some remarkable quantities in order to characterize the correlation among dynamical properties, the flexibility and fragility of biomolecules. The experimental results have pointed out a dynamical transition, which shows a crossover in molecular fluctuations between harmonic and anharmonic dynamical regimes. The ENS findings allow to characterize both the trehalose rigidity and flexibility, which are strictly connected to its superior bioprotective effectiveness. In this frame the lowest flexibility and fragility character of trehalose/H 2 O mixture with respect to maltose and sucrose/H 2 O mixtures indicate a better attitude to encapsulate biostructures in more rigid and temperature insensitive structures in approaching the glass transition.
Introduction
In recent years a lot of attention has been addressed to the understanding of the mechanisms present in organisms able to survive under environmental stress conditions, that is, the extremophiles [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Trehalose is a glass-forming nonreducing disaccharide of glucose widely distributed in both prokaryotic and eukaryotic organisms that, very surprisingly, show the ability of adaptation to extreme environmental stress conditions [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Thanks to trehalose, many living beings capable of surviving extreme conditions enter into a state of suspended animation, called "cryptobiosis" [21] . Cryptobiosis, from Greek κρυπτoσ, "hidden" and "concealed", and βιoσ, "life", refers to a particular state of organism inactivating when prohibitive environmental conditions occur.
Four cryptobiotic pathways, anhydrobiosis, cryobiosis, osmobiosis, and anoxybiosis, exist in nature. Anhydrobiosis, a form of cryptobiosis initiated by desiccation, is an almost complete loss of body water and allows organisms to stay in this state for an extended period of time [22] . Cryobiosis, initiated by a reduction of temperature, involves the ordered freezing of water within the cells and allows organisms to tolerate rapid freezing [23] . Osmobiosis is determined by a decreased water potential due to increased solute concentration in the surrounding solution, while anoxybiosis indicates a reduction of oxygen tension [21, 24] .
To highlight the ubiquity and extraordinary bioprotective effectiveness of trehalose, it should be noticed that the disaccharide has been found in all the natural kingdoms. One of the most significant examples of the biological role of trehalose is represented by tardigrada, that, thanks to the disaccharide synthesis, are able to survive at temperatures near absolute zero and above the boiling point of water, pressure of 6000 atm, a hard vacuum (as in outer space), high doses of radiation, X-rays, nitric acid, hydrochloric acid, carbon dioxide, and carbon monoxide. They can live more 125 years, alternating periods of active life and of cryptobiotic life [25] .
2 Journal of Atomic, Molecular, and Optical Physics Trehalose has been found also in plants. Arabidopsis thaliana, a small plant in the mustard family, has recently been demonstrated to possess genes capable of complementing yeast mutants defective in the two steps of trehalose biosynthesis [26] . The "resurrection plants" found in the desert are a particular example of plants surviving in arid environments because they are able to dehydrate, remain quiescent during long periods of drought, and then resurrect upon rehydration. The desert pteridophyte Selaginella lepidophylla [27] represents a model to study the ecology, physiology, biochemistry, and photochemistry of extreme desiccation tolerance. Dehydration induces the expression of a large number of transcripts in resurrection plants: gene products with a putative protective function, such as LEA proteins, are expressed at high levels in the cytoplasm or in chloroplasts upon dehydration and/or ABA treatment of vegetative tissue [28] .
In spite of the several bioprotection hypotheses formulated, the effectiveness mechanisms are still not fully understood. Green and Angell [29] suggest that the higher value of the glass transition temperature of trehalose and its mixtures with water, in comparison with that of the other disaccharides, is the only reason for its superior bioprotectant effectiveness: this would imply that, at a given temperature, the glass transition for trehalose mixtures always occurs at a higher water content. As a matter of fact such a hypothesis alone is not entirely satisfactory because of the many counter examples. For example dextran [30] , a linear polysaccharide with α(1 − 6) glycosidic links, presents even a higher T g value but does not show a comparable bioprotective action.
Crowe et al. [31] formulated the hypothesis that a direct interaction between the sugars and the object of protection occurs. More specifically their "water replacement hypothesis" justifies the trehalose protective function with the existence of direct hydrogen bonding of trehalose with the polar head groups of the lipids as water does. This hypothesis was supported by some simulation studies [32] , which argue that the structure of trehalose is perfectly adaptable to the tetrahedral coordination of pure water, whose structural and dynamical properties are not significantly affected by trehalose.
As a matter of fact many experimental findings [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 33] have clearly shown that the structural and dynamical properties of water are perturbed by disaccharides. In particular, neutron diffraction results [12] showed for all disaccharides, and for trehalose to a large extent, a strong distortion of the peaks linked to the hydrogen bonded network in the partial radial distribution functions which can be attributed to the destroying of the tetrahedral coordination of pure water. Further neutron diffraction studies [33] combined with a Monte Carlo simulation by the EPSR code have provided high quality structural information revealing that the water structure is strongly perturbed by the presence of trehalose, with an effect on the water second hydration shell strongly resembling that produced by high pressure.
Raman spectroscopy [11, 20] , by the analysis of the intramolecular OH stretching vibration band, shows that the addition of trehalose, in respect to the other disaccharides, more deeply destroys the tetrahedral intermolecular network of water, which by lowering temperature would give rise to ice. In particular the decomposition of the isotropic spectrum of the three disaccharide aqueous solutions into an "open" and a "closed" contribution shows that the integrated area of the "open" band is smaller in the trehalose aqueous solution, revealing that a more marked destructuring effect occurs in the presence of trehalose than in the presence of sucrose or maltose. Uchida et al. [34] , detecting freezefractured replica images of disaccharide (trehalose, maltose, and sucrose) solutions, using a field-emission type transmission electron microscope (FE-TEM), have recently confirmed that trehalose molecules have a greater inhibitory effect of sucrose on the growth of ice crystals.
As far as dynamics is concerned, preliminary QENS results on disaccharides solutions [12, 15, 20] indicate that also the water dynamics is strongly affected by the presence of disaccharides and in particular by trehalose. Confirmation has been furnished by molecular dynamics simulation studies performed by Bordat et al. [35] . In their work the orientational order parameter and the dynamical structure factor have been combined to differentiate the actions of trehalose, sucrose, and maltose. They showed for trehalose a higher distortion of the hydrogen bonded network of water from its tetrahedrality and that the relaxation times of water in the presence of disaccharides result in 1.2 to 10 times longer than those of pure water; in addition, water in presence of trehalose shows the longest relaxation times [35] .
Cordone et al. [36] and Cottone et al. [37] by complementary techniques showed that the mean-square displacements of protein atoms are reduced by the presence of trehalose and that sugar binds to the protein through single hydrogen bonds giving rise to water molecules localized at the protein interface; in other words, sugar matrices lock the surface of the protein hindering large amplitude solvent coupled protein motions.
Caliskan et al. [38] have investigated the influence of glycerol and trehalose on lysozyme by Raman scattering, focusing particularly the attention on the low-frequency spectra. They showed that protein is coupled dynamically to trehalose and to glycerol and that glycerol provides superior suppression of protein dynamics than trehalose does at low temperature, while trehalose appears to be more effective at higher temperatures.
Cicerone et al. [39, 40] showed that adding small amounts of a low T g diluent to bioprotective glass leads to a reduced T g , but an increased stability for enzymes (horseradish peroxidase and Yeast alcohol dehydrogenase, YADH) sequestered in the glass; in particular their findings indicate that it is the suppression of the local (i.e., on a short-wavelength scale Q > 0.71 A), fast (i.e., high frequency >200 MHz) dynamics that correlates with protein stability.
Today one of the challenges in biophysics is to uncover the precise molecular mechanisms underlying biological processes which is one of the major goals in modern biophysics. However, major roadblocks still exist on the way. Among those is the difficulty that one often encounters in characterizing complex dynamics of biological processes. In this framework the present review work is collocated, since the main objective is to open up new horizons for research by identifying a correlation among biomolecular dynamics, stabilization processes, and surviving strategies. More specifically we focus the attention on the use of a sophisticated physical methodology, such as the elastic neutron scattering (ENS) to investigate the dynamical properties of trehalose, compared to its homologous disaccharides , maltose and sucrose, and a class of extremophiles.
Temperature creates a series of challenges, from the structural devastation wrought by ice crystals at one extreme, to the denaturation of biomolecules at the other. High temperature can denature proteins and nucleic acids, increase the fluidity of membranes to lethal levels, while in plants chlorophyll degrades, excluding photosynthesis [41] . At low temperatures with nucleation, water freezes and the resulting ice crystals can rip cell membranes with almost invariably lethal effects [42] .
Temperature also affects the structure and function of proteins. Ways that proteins have evolved to cope with high temperatures include increasing ion-pair content, decreasing the length of surface loops, forming higher-order oligomers, and decreasing flexibility at room temperature [43] [44] [45] . On the other hand, cold-temperature adaptation of protein occurs, although not always in ways that would be predicted from thermophile enzymes. At cold temperatures proteins become more rigid, implying that enhancing flexibility can restore function [46] [47] [48] .
It is well known that proteins are multifunctional in the sense that their specific amino acid sequence simultaneously determines the self-organization of the linear polypeptide chain to form a unique three-dimensional structure, a specific function and its regulation, and degradation. Correspondingly, the central issue in the adaptation of proteins and enzymes to extreme conditions is the conservation of their functional state, which is characterized by a wellbalanced compromise of stability and flexibility.
Fast atomic thermal motions on the picosecond to nanosecond timescale allow proteins to achieve the stability and motions, and, therefore, the necessary rigidity and flexibility to perform their biological functions (enzymatic activity, ion pump activity . . .) [49, 50] .
Neutron scattering is particularly suited to the study of thermal molecular motions which have been shown to be correlated with the ability of a protein to undergo functional conformational changes [51] [52] [53] , since neutrons of 1Å wavelength have an energy close to 1 kcal/mol. Depending on the energy resolution of the spectrometer, neutron scattering can be used to observe elastic scattering, from which meansquare fluctuations in a given time scale can be calculated; quasielastic scattering, from which correlation times of diffusion motions can be calculated; inelastic scattering, arising from vibrational modes [51] [52] [53] .
In this review work an overview of ENS findings on trehalose and its homologous (maltose and sucrose) water mixtures is presented as a function of temperature and concentration. The experimental findings allow to characterize both the trehalose rigidity and flexibility, which are strictly connected to its superior bioprotective effectiveness. 
Experimental Section

Theoretical Background
Hydrogen atoms in a system move in a potential V (r), where r(t) denotes the position vector of the particle at time t [51, 54, 55] .
In incoherent neutron scattering experiments the measured function is the incoherent dynamic structure factor S inc (Q, ω), that is, Fourier transform of the incoherent intermediate scattering function I(Q, t) [51, 54, 55] :
where x α α( N α=1 x α = 1) is the fraction of dynamically equivalent particles in the potential V α (r), brackets denote the ensemble average over many trajectories for particles initially at thermal equilibrium and r α (t) the position vector of the particle α at time t.
For small Q values, in the Gaussian scattering approximation, the orientational average can be performed to eliminate angular coordinates yielding
Due to the polydispersity of the system, the intensity is a combination of several Gaussian functions:
where r 2 α is the equilibrium mean-square displacement and C α (t) stationary position relaxation function. The meansquare displacement reduces to the equilibrium value for times long enough such that C α (t) → 0 [51, 54, 55]. The mean-square displacement, u 2 , which takes into account fluctuations of all particles in the investigated system, is given by
Nonetheless, for a given experiment C α (τ) is a constant that rescales the observed mean-square displacement, and hence C α (τ) = 0 can be assumed. For simplicity in the present analysis the assumption that all particles are dynamically equivalent will be made, therefore in the previous equations x α has been assumed equal to 1 [51, 54, 55] . The mean-square displacement of a set of quantized harmonic oscillators for T < (h ν /(2K B )) (h ν /K B ) being the Debye temperature, K B being the Boltzmann constant, ν being the average frequency of a set of oscillators considered as an Einstein solid) is almost a constant equal to the zero-point fluctuations h ν /2K force (where K force is the average force field constant of a set of oscillators considered as an Einstein solid), whereas it linearly increases with the temperature for T > h ν /2K B [51, 54, 55] .
In the Q range in which the Gaussian model is valid,
is the total mean-square displacement of hydrogens, and S el inc (Q) ∝ exp − Δu 2 /6 Q 2 , the mean-square displacement behavior can be fitted within the framework of the harmonic approximation:
Because a force constant is not defined for anharmonic motions, an operational approach in which the "resilience" of an anharmonic environment is quantified by a pseudoforce constant k calculated from the derivative of the scan at T according to k = 0.00138/(d u 2 /dT) has been suggested [51, 54, 55] . As the deviation from Gaussian behavior increases with temperature, the motion involves jumping of hydrogens to distinct sites of different energy, the expression of the integrated intensity as a function of Q being [51, 54, 55] :
where p 1 and p 2 are the probabilities to find the scattering particles on the ground state and the excited state, respectively, and d is the distance between the two potential minima. It is evident that a dynamical transition occurs for the three investigated systems; for the trehalose mixture at T ∼ 238 K, whereas for maltose and sucrose mixtures at T ∼ 235 K and T ∼ 233 K, respectively. Below the onset temperature the elastic intensity has the Gaussian form expected for a harmonic solid. The decrease in the elastic intensity above the dynamical transition temperature can Journal of Atomic, Molecular, and Optical Physics be attributed to the excitation of new degrees of freedom, especially at low Q and, as suggested by Figures 1 and 2 , is very less marked in the case of trehalose/water mixture than for the other disaccharide/water mixtures for all the investigated concentration values. This circumstance clearly indicates that trehalose shows a larger structural resistance to temperature changes as it occurs in "stronger" systems and presents a higher "rigidity" in comparison with the other disaccharides, namely, the maltose/H 2 O mixture and the sucrose/H 2 O mixture, this latter showing the "softest" character. Figure 3 shows the temperature dependence of the derived mean-square displacements for trehalose, maltose, and sucrose/H 2 O mixtures at different concentration values.
Results and Discussion
By fitting the ENS data shown in Figure 3 according to (6) , we obtain the values of K = 0.40 N/m, K = 0.25 N/m, and K = 0.22 N/m for the average force field constant for trehalose, maltose, and sucrose mixtures, respectively, indicating the trehalose/H 2 O system as the strongest system.
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Journal of Atomic, Molecular, and Optical Physics In the following we shall connect the bioprotectant effectiveness of disaccharide/H 2 O mixtures to the "fragility degree" of these systems. For this purpose we use an operative definition for fragility, based on the evaluation by neutron scattering of the temperature dependence of the mean-square displacements. The definition, differently from many other phenomenological parameters as, for example, resilience introduced in literature, allows to connect a transport quantity, that is, viscosity, with an atomic quantity, the nanoscopic mean-square displacement.
It is well known that the behavioral properties of a glass-forming system are often described by the (3N + 1)dimensional potential energy hypersurface in the configurational space [18, 56, 57] . The complexity of the energy landscape, explored by the system, is correlated with the density of the minima of the hypersurface (degeneracy ∝ ΔC p (T g )) and with the distribution of the barrier heights between them Δμ. These features determine the structural sensitivity of a system to temperature changes in approaching the glass transition, namely, its fragility. The latter is operatively defined as
In this frame Angell's classification of glass-forming systems takes particular relevance [56, 57] . In such a classification, based on the choice of an invariant viscosity at the scaling temperature T g (η(T g ) = 10 13 poise), the departure from the Arrhenius law is taken as a signature of the degree of fragility of the system [56, 57] . An Arrhenius behavior of viscosity in the T g -scaled plot and a small heat capacity variation ΔC p (T g ) characterize the strongest systems, whereas a large departure from Arrhenius law and a large heat capacity variation ΔC p (T g ) characterize the most fragile ones. Between these two limiting cases, intermediate behaviors are interpreted in terms of different kinetic and thermodynamic contributions: thermodynamically strong (fragile) and kinetically fragile (strong) systems are characterized by a low (high) configurational degeneracy and small (large) barrier heights. Now starting from the works on Selenium [58, 59] , a clear correlation between viscosity and the atomic meansquare displacement is found. The following picture for the elementary flow process (the α-relaxation) is suggested: a given atom is jumping back and forth in the fast processes (β-relaxation motions). Its probability distribution in that fast motion is a Gaussian with the mean-square amplitude u 2 loc , defined as the difference between the mean-square displacement of the ordered and disordered phase [60] :
If the amplitude of that fast motion exceeds by chance a critical displacement u 0 , a local structural reconfiguration (the α-relaxation) takes place. Assuming the time scale of the fast motion to be independent on temperature, the waiting time for the occurrence of an α-process at a given atom is proportional to the probability to find the atom outside of the sphere with radius u 0 . In this picture, one obtains the viscosity [60] 
The result obtained for trehalose/H 2 O mixtures at different concentration values is shown in Figure 4 . Taking into account (7)-(9), the "fragility" degree by elastic neutron scattering is operatively defined as
Obviously such a definition would imply a fragility parameter depending on the instrumental resolution, but on the other hand we are interested on a comparison ceteris paribus of the fragility degree and such a comparison is meaningful both when an identical experimental set-up for IN13 is employed. As we will see the experimental set-up of IN13 with an elastic energy resolution of 8 μeV (FWHM) furnishes values in agreement with those evaluated by viscosity measurements in a limited temperature range. From ( 
Conclusions
Life under extreme conditions is limited primarily by the stability of macromolecules and their ability to exert their biochemical functions under nonconventional conditions that normally lead to the collapse of structures or to functional inactivation. Stability refers to the maintenance of the spatially defined functional state under extreme conditions. The central issue in the adapatation of biomolecules to extreme conditions is the conservation of their functional state, which means a well-balanced compromise between stability and flexibility.
Maintaining the appropriate balance between molecular stability and structural flexibility is necessary for protein functions. Stability is needed to ensure the appropriate geometry for ligand binding, as well as to avoid denaturation, while flexibility is necessary to allow a catalysis at a metabolically appropriate rate. However, the relationship between activity, flexibility, and stability are still the subject of controversy. A definition of flexibility in terms of type, amplitude, and time scale of molecular motions related to the catalytic efficiency is therefore helpful in understanding these relationships.
The dynamic nature of hyperthermostable proteins may be the key to unraveling the mechanism responsible for the delicate balance between rigidity, which is related to heat resistance, and molecular fluctuations at high temperatures, which account for biological function.
Tehei et al. [61] [62] [63] [64] have used ENS to characterize the mean motions of the entire cellular macromolecular population in vivo. They have studied the adaptation mechanism effects on the macromolecular dynamics on whole live bacteria: the psychrophile Aquaspirillum arcticum, the mesophiles Escherichia coli and Proteus mirabilis, the thermophile Thermus thermophilus, and the hyperthermophile Aquifex pyrofilus.
The mean effective force constant values obtained for these extremophiles are k = 0.21 ± 0.03 N/m for A. arcticum, 0.42 ± 0.01 N/m for E. coli, 0.39 ± 0.01 N/m for P. mirabilis, 0.67 ± 0.011 N/m for T. thermophilus, and 0.60 ± 0.01 N/m for A. pyrofilus cells [51] . Tehei et al. [61] [62] [63] [64] have therefore shown, in vivo, the existence of a strong correlation between resilience and adaptation to a physiological temperature.
Tehei et al. have concluded that psychrophile proteins have adapted to achieve increased structural flexibility, necessary for activity at low temperature, and that the enhanced thermal stability of thermophile proteins is associated with increased rigidity. Thermophile enzymes are also characterized by a higher temperature of maximum activity. On the other hand the more rigid hyperthermophilic enzyme would then require higher temperatures in order to achieve the requisite conformational flexibility for activity [61] [62] [63] [64] .
The present review paper is based on the overview of the remarkable quantities which ENS allows to determine in order to characterize the dynamical properties, the flexibility, and fragility of biomolecules, that is, bioprotectant systems.
The observed dynamical transition marks a cross-over in molecular fluctuations between Gaussian and non-Gaussian behavior of the ENS disaccharide profiles. These findings furnish useful information on the different nature of the involved dynamical processes in bioprotection that can justify the higher trehalose "cryptobiotic" effectiveness. In fact the best cryptoprotectant effectiveness of trehalose is ascribed to the lower flexibility and fragile character of the matrix in which biostructures are immersed, that is, of the trehalose/water mixture. This circumstance implies a better attitude to encapsulate biostructures in more rigid and more temperature insensitive structures in respect to maltose and sucrose/water mixtures.
